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ABSTRACT
Potential Impact of Contour Bunds on Diclofenac Removal for Stormwater
Control in Rangeland Applications
Braden Whitehead

Diclofenac (DCF) and other emerging contaminants have been found in
environments worldwide. These contaminants may enter the environment due to
the application of treated wastewater, biosolids and direct excrement related to
veterinary application. Leakage from the soils toward the groundwater is largely
controlled by sorption and microbial degradation. Most studies on the
environmental fate of DCF have focused on degradation during wastewater
treatment processes. However, little is known about their behavior in soil. In this
study, the combined effect of adsorption and degradation of diclofenac has been
investigated in four (4) 24 ft3 agricultural soil-filled beds designed to mimic natural
vegetated soil environments, enhanced via controlled wetting and drying cycles.
Contour bund installation on slopes of 5, 10, 15 and 20° were mimicked in the
beds. Results showed that the soil environment was a strong inhibitor to the
leaching of DCF through the soil. Saturating slopes via contour bund application
however can lead to landslides that may impact structures and human life. A
feasible contour bund installation site was investigated and found that 20° slopes
under saturated conditions resulted in an unsafe factor of safety and is not
encouraged as a solution for stormwater management. The effect of contour bund
iv

application on slopes under 15° at the installation site can potentially increase
removal of emerging contaminants, thereby protecting groundwater resources
without endangering life or property.

Keywords: Contour Bunds, Bioretention Swale, Diclofenac (DCF), Slope Stability,
SGMA, Low Impact Development (LID), Groundwater, DCF Sorption, DCF
Biodegradation.
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CHAPTER 1. INTRODUCTION
In September of 2014, Governor Jerry Brown signed into law the Sustainable
Groundwater Management Act (SGMA). This legislative package requires
governments and water agencies of high and medium priority basins to halt
overdraft and bring groundwater basins into balanced levels of pumping and
recharge. As part of an ongoing effort to address California’s water needs, SGMA
encourages implementation of water management solutions on a regional scale to
improve water quality, flood management, restore and enhance ecosystems and
provide more reliable surface and groundwater supplies (California Department of
Water Resources, 2021).
In addition to the quantity of water being a concern, the quality and accumulation
of pollutants within these surface and groundwater supplies has become
increasingly concerning over the years. Stormwater runoff has been recognized as
a primary cause of pollution in surface waters. Stormwater runoff may contain high
concentrations of pollutants, such as pesticides, fertilizers, oils, salt, litter, debris,
and sediment (Environmental Protection Agency, 2020). One class of pollutants
that

has

been

gaining

attention

are

emerging

contaminants,

also

called contaminants of emerging concern. These contaminants which include
medicines, personal care or household cleaning products, lawn care and
agricultural products can make it into lakes and rivers and have a detrimental effect
on fish and other aquatic species (Environmental Protection Agency, 2019). Some
emerging contaminants have been shown to bioaccumulate in the food web,
putting even non-aquatic species at risk when they eat contaminated fish.
1

One emerging contaminant of concern is the drug diclofenac. Diclofenac (DCF) is
a commonly used nonsteroidal anti-inflammatory drug that works as an antiuricosuric and analgesic (National Library of Medicine, 2021). DCF can be found
globally, is available as an over-the-counter medicine under a variety of names,
and is used for both human and veterinary purposes (Lonappan et al., 2016). DCF
is frequently found in freshwater environments and its potential toxicity towards
several organisms such as fish and mussels makes DCF an emerging contaminant
of concern (Lonappan et al., 2016). At typical detected environmental
concentrations, the drug does not exhibit toxic effects towards living organisms,
although albeit chronic exposure may lead to severe effects (Lonappan et al.,
2016).
DCF is known to be treated in wastewater treatment plants (WWTP) which utilize
highly active aerobic and anaerobic microorganisms. In the natural soil
environment, studies have shown that DCF is capable of being degraded in soil
under aerobic conditions (Facey et al., 2018; Gröning et al., 2007). Similar to their
effect in WWTPs, natural microbial communities in soil and water can play a key
role in regulating the fate of DCF in the environment.
One practice that can improve both surface and ground water quality by increasing
exposure to soil microorganisms is low impact development (LID). LID site design
practices aim to reduce the generation of runoff volume, discharge rate, pollutants
and lengthen flow paths between the source of the runoff and where it enters the
hydrologic system (City of Santa Barbara, 2020).
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One LID strategy that could benefit water management is the use of contour bunds.
Contour bunds intercept water flow on slopes, slowing the flow of water by
capturing runoff in a depression coupled with a berm on the downhill side. This
enhances the ability for water to directly infiltrate into the ground (Barnes, 2017).
A contour bund functions similarly to a bioretention area. According to the City of
Santa Barbara Storm Water BMP Guidance Manual,
“Bioretention areas remove pollutants through physical, chemical, and
biological mechanisms. Specifically, they use absorption, microbial activity,
plant uptake, sedimentation, and filtration.”
Similar to a bioretention area, when stormwater enters the bund, it infiltrates or
seeps through the soil and vegetation. As it infiltrates into the ground, it is filtered
through layers of rocks, soil, and is exposed to soil-dwelling bacteria. These
combined processes of filtration and biodegradation reduce many pollutants in the
stormwater (RRWA, 2019).
The Central Coast is home to over two million acres of rangeland, native pasture,
and oak woodlands (Larsen, 2021). Contour bunds could benefit the Central Coast
and other regions where DCF and similar emerging contaminants are used to treat
cattle in the area. 83 percent of the population (25 million Californians), and 88
percent of all irrigated acres (6.7 million acres) lie within the state’s groundwater
basins (California Department of Water Resources, 2021). By utilizing contour
bunds, storm water runoff high in DCF could be intercepted through their wide area
of capture. Capturing these pollutants close to their source and allowing for
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additional treatment via infiltration could reduce groundwater contamination due to
emerging contaminants and other pollutants.
1.1 Statement of Research Questions
Emerging contaminants of concern are being reported in aquatic environments
either from agriculture runoff, direct excrement, or WWTP effluent. Contour bunds
may be an effective way to control emerging contaminant transport into
groundwater and surface waters, through increased infiltration and natural soil
treatment processes. This study aims to address the following questions regarding
use of contour bunds for emerging contaminant control:


What effect do soil environments have on the removal of contaminants of
emerging concern, as indicated by removal of DCF as a representative
contaminant?



Contour bund implementation is recommended on slopes of 0 to 20°. Does
slope have an effect on contaminant removal?



Saturating slopes through implementation of contour bunds can increase
the likelihood of landslides. Is this LID practice a safe alternative to
stormwater management?

These questions are addressed through a combination of lab studies of DCF and
soil interactions, a small field-scale study mimicking contour bunds at a range of
slopes, and a hypothetical analysis of contour bund design and installation for a
selected site, including a slope stability analysis for saturated slopes.

4

CHAPTER 2. LITERATURE REVIEW
This chapter discusses DCF toxicity and removal in both WWTP’s and soil
environments; microbial productivity in soils, LID efficiency at reducing pollutants,
contour bund design, and hazards associated with saturated slopes.
2.1 Diclofenac Toxicity and Transport
Diclofenac (C14H11Cl2NO2) which is also known in the form of sodium salt as
Voltaren, is commonly used to relieve pain, inflammation, and joint stiffness
caused by arthritis. DCF is used globally for both human and veterinary use. Under
veterinary use, it is applied as a topical cream or directly injected for the treatment
of various bacterial infections in sheep, swine, cattle, goats, horses and calves
(AdvaCare Pharma, 2021).
DCF is commonly found in sewage plant effluents, surface waters, groundwater
and even drinking water at concentrations ranging from low ng/L to >1 μg/L
(Triebskorn et al., 2004). DCF is known to negatively affect several aquatic
organisms at a concentration of ≤1 μg/L (Facey et al., 2018).

The potential

detrimental effect of DCF in the aquatic environment has been revealed from
multiple ecotoxicity studies. One studied showed that rainbow trout had changes
in liver ultrastructure, liver glycogen and kidney proteins (Triebskorn et al., 2004).
In addition, DCF negatively affected the byssus strength of the Baltic Sea blue
mussel which reduced its ability to attach to the underlying substrate (Ericson et
al., 2010). DCF studies in groundwater environments are limited because
generally, DCF concentrations in groundwater have been low or under detection
limits (Vieno & Sillanpää, 2014). However, one study of importance looked at
5

stygofauna, a species that exclusively lives in groundwater environments, and
found that these invertebrates could be negatively impacted by DCF at half the
concentration found for impacts to surface water species (Di Lorenzo et al., 2021).
A notable case of this pharmaceutical causing major ecological damage was the
sudden collapse of vultures due to the consumption of cattle carcasses containing
residues of DCF. The drug is often used to ease the pain of dying cattle; DCFcontaminated cattle carcasses was the major cause of collapse of the population
of three Gyps vulture species (Gyps bengalensis, Gyps indicus, Gyps tenuirostris).
Each species population was reduced by approximately 98% in the Indian subcontinent, resulting in all 3 species being classified as “critically endangered”
(Lonappan et al., 2016).
DCF and its metabolites are primarily excreted in urine and feces. One study by
the EMEA (2003), administered DCF to cattle via injection at a dose rate similar to
veterinary use of 2.5 mg/kg per day for 3 days. The major route of elimination was
via urine, which accounted for a mean of 61% and 80% in male and female cattle,
respectively. Excretion in feces accounted for a mean of 29% and 16% in male
and female cattle, respectively. The application of DCF to livestock should be
closely monitored to avoid urine and feces from entering groundwater.
DCF can be biodegraded in soil environments. Two primary mechanisms are
thought to facilitate this degradation: sorption and biodegradation. Sorption
involves mass transfer of dissolved compounds such as DCF to a solid phase such
as soil particles (Triebskorn et al., 2004). When discussing sorption processes, the
adsorbing/absorbing solid phase is the sorbent; solutes in the liquid phase that
6

could potentially sorb are known as sorptives, and constituents that accumulate on
or within a solid are termed sorbates (Thompson & Goyne, 2012). This process
can be seen below in Figure 1.

Figure 1. Sorption process of DCF, after Thompson & Goyne (2012).
Sorption can occur on many solid phase materials within the soil. The most
reactive surface sites are layer silicate clays, metal-(oxyhydr)oxides, and soil
organic matter (SOM) (Thompson & Goyne, 2012). Most sorption of hydrophobic
organic contaminants is to the natural organic matter present in soils and is often
assumed that all sorption is to organic matter (EPA, 1999).
Sorption of compounds to solids occurs via absorption and adsorption and can
be estimated by the distribution coefficient or the K d value. This is the ratio of a
compound's concentration on the solid to the aqueous phase concentration at
equilibrium conditions (Vieno & Sillanpää, 2014). A high K d value indicates a
7

strong tendency to sorb onto soil rather than dissolve. Conversely, a low K d value
indicates a contaminant is more likely to be highly mobile in soil.
The Koc method of estimating a compounds tendency to sorb to a soil relies on
the assumption that the sorption of an organic contaminant occurs only to the
organic material in the soil. The partitioning between the solid and solution phase
is expressed as:
𝐾 ≈ 𝐾 ∗ 𝑓
Where

Koc = ratio of the contaminant concentration on the organic matter to

its dissolved concentration in the surrounding fluid (ml/g)
foc = fraction of organic carbon in the soil (mg/mg).

Sorption benefits the removal of contaminants in groundwater by reducing the
amount of contaminant in the aqueous phase. This in turn slows the migration of
the contaminant towards aquifers below.
Biodegradation also breaks down DCF and its metabolites. Most studies of the
biodegradation of DCF have been focused on its behavior during wastewater
treatment processes and little is known about biodegradation in agricultural soils
(J. Xu et al., 2009). Many heterotrophic and autotrophic bacteria that are found in
WWTP biological treatment systems are also present in soil (Pepper et al., 2014).
Therefore, understanding WWTP biodegradation of DCF can provide insight into
soil environments best suited for DCF biodegradation.
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The main objectives of the biological treatment of municipal wastewater are to
coagulate and remove the non-settleable colloidal solids, to reduce the organic
content and the nutrients nitrogen and phosphorous (Vieno & Sillanpää, 2014).
These goals are accomplished by using a variety of micro-organisms, primarily
bacteria. The predominant group of bacteria are heterotrophs that mainly feed on
organic carbon molecules. Inorganic matter is taken in by autotrophs, such as
ammonia oxidizing bacteria that oxidize ammonia into nitrite.
The biological treatment of DCF and other pharmaceuticals in municipal
wastewater treatment plants could occur by direct metabolization or by cometabolization (Jones et al., 2007). Direct metabolization occurs when bacteria
use the compound as their primary carbon source; co-metabolism occurs as a
result of enzymes that bacteria secrete to break down large organic molecules into
monomers that are then small enough to be ingested. One study by Suarez et al.
(2010), found that aerobic nitrifying conditions lead to high biodegradation potential
of DCF. In addition, Tran et al. (2009), found that DCF is moderately biodegradable
in experiments that used enriched nitrifying activated sludge. Generally, DCF is
often found to be poorly biodegradable in WWTP’s which often translates into low
elimination rates during treatment. Elimination rates of up to about 80% can be
reached following treatment; however, values in the range of 20–50% are more
common (Vieno & Sillanpää, 2014). The untreated DCF has the potential to
contaminate surface water and aquifers via release of the treated effluent.
Additionally, DCF has been found on agricultural lands through the application of
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bio-solids as a source of nutrients for the soil and direct excrement from livestock
(Al-Rajab et al., 2010)
Aerobic heterotrophic and autotrophic bacteria are an important microbial
component to the breakdown of DCF. Soil environments with these microorganisms could have similar co-metabolizing properties as cultures in WWTPs.
Bacterial breakdown of DCF may be facilitated by sorption of DCF to soil particles,
retaining the pollutant in the area where these microbial populations live and
increasing their opportunity to breakdown the compounds.
2.2 Microbial Activity in The Vadose Zone
The subsurface of the earth can be broken down into two zones; the Vadose zone
and the Saturated zone. The vadose zone is the terrestrial subsurface that extends
from the ground surface to the top of the regional groundwater table (Hillel, 2004).
The vadose zone includes the soil surface, unsaturated subsurface and the
capillary fringe. The capillary fringe is an area where pores between the soil are
primarily filled with water held by capillarity forces acting against gravity (Bales,
2003). The vadose zone may be very shallow (less than 1m) or very deep
(extending hundreds of meters or more), depending on the depth to the water table
(Hillel, 2004). These zones are shown below in Figure 2.
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Figure 2. Earth's terrestrial subsurface profile, from Hillel, (2004).
The composition of microbial communities in the vadose zone is strongly depth
dependent. Microbial biomass is generally highest close to the surface and
declines rapidly with depth (Holden & Fierer, 2005). Soil microbes in the vadose
zone are known to exist in at least three known possible configurations; the air–
water interface, freely in water, or attached to surfaces where they grow as biofilms
(Wan et al., 1994).
Degradation of emerging contaminants has been strongly associated with the
influence of microbial activity (J. Xu et al., 2009). Suarez et al. (2010), found that
degradation of DCF was associated with the presence of nitrifying bacteria.
Nitrification is an essential process in the nitrogen cycle of all soils, and it is
11

responsible for the biological conversion of ammonia (NH 3) which originates from
soil organic matter to nitrite (NO2-) and lastly to nitrate (NO3−). To facilitate
nitrification, oxygen must be present. Ammonia monooxygenase (AMO) is an
enzyme that ammonia oxidizing bacteria secrete during nitrification. AMO is
capable of degrading pollutants such as pharmaceuticals and has been suggested
to be one of the main enzymes for pharmaceutical removal (Fernandez-Fontaina
et al., 2012).
One study by Banning et al. (2015), showed that ammonia-oxidizing bacteria
populations were significantly higher in the surface layer between 0 and 10 cm (or
0 and 3.94 in.), compared to the sub-soil between 10-90 cm (or 3.94-35.4 in.).
Another study found nitrification rates were higher in soil layers between 0 to 20
cm (or 0-7.87 in.) compared to rates in soil layers between 20-30 cm (7.87-11.811
in.) (W. Xu et al., 2017). Diclofenac is most likely to break down where maximum
nitrification is found. This layer is conservatively assumed to be in the top 8 in. of
the soil.
Soil moisture conditions are one of the major environmental factors controlling
microbial activity in soil (Iovieno & Bååth, 2008). Not only are moisture conditions
important, but also drying–rewetting cycles will affect microbial processes (Burger
et al., 2005). Re-wetting increases soil microbial biomass and activity by exposing
previously protected organic matter and encouraging increased consumption of
dead microbial cells (Zhang, 2019). Rewetting a dry soil will also result in a flush
of respiration to levels more than five times higher than soil kept constantly moist.
One study by Bloem et al (1992) estimated that bacterial growth rates increased
12

by up to 2.3 times after rewetting compared with the rate in continuously moist soil.
In addition, Bloem et al. (1992) found that the rewetting event increased overall
bacterial growth by 25–30% over the study period, compared with the moist control
soil. W. Zhang et al (2019) found that a 2-day incubation time between re-wetting
cycles lead to highest amount of microbial activity and microbial cell residue
accumulation, compared to either 1-day or 3-day incubation times.
Disturbance of soil also can play a factor on microbial processes as a disruption in
their environment can alter the composition and spatial distribution of nutrients and
microbial communities (Sun et al., 2018). One disturbance that is studied is the
effect of soil tillage. Tillage can cause major changes to the soil system and direct
effects on the soil biology have been documented. Steenwerth et al. (2005) found
that soil tillage resulted in significant modifications of the mycorrhizal fungal
community structure and caused a greater shift in microbial community. Following
soil disturbance, it is recommended to allow 2 to 3 weeks after tilling to allow for
the recovery of beneficial microorganisms (Vinje, 2004).
2.3 LID Pollutant Reduction
One way to increase exposure to longer wetting cycles, and increase soil moisture
content is using utilizing low impact development (LID) practices to manage storm
water and irrigation runoff. LID refers to systems and practices that, according to
the EPA, (2021).
“Use or mimic natural processes that result in the infiltration, filtration, onsite
storage

and

detention,

evapotranspiration,
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absorption,

adsorption,

biodegradation, phytoremediation, percolation or use of stormwater in order
to protect water quality.”
Bioretention facilities are a broad class of features that address this definition of
LID (EPA, 2021). Bioretention is a technique where landform depressions are used
to collect and filter storm runoff through the use of grass or vegetated filters,
shallow ponding, infiltration and plant uptake for water quality enhancement (Strom
et al., 2013). A common name for an area that uses bioretention techniques is
termed a bioretention cell. Bioretention cells (BRC) have been shown to be an
effective technique for managing stormwater quantity and quality (Ahiablame et
al., 2012). A typical cross-section of a bioretention cell is shown below in Figure 3.

Figure 3. Typical Bioretention Cell, from Muerdter et al. (2018).
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Contour bunds utilize some of these LID bioretention processes. The processes
include uncompacted soil media, ponding storage area, optional mulch layer, and
vegetation. Similar to a BRC, both capture runoff and allow for water to infiltrate
into the soil where absorption, adsorption, biodegradation, and plant uptake can
occur. BRC’s are more well studied and have more design guidance. Applying
design guidance recommendations for BRC to design of contour bunds can
enhance their efficacy in both infiltration and pollutant removal. It is likely that
similar benefits of BRCs are to take place under contour bund practice. Ahiablame
et al., (2012) reported findings of BRC’s reducing; sediment ,total nitrogen (TN),
total suspended solids (TSS), phosphorus (P), and total Kjeldahl nitrogen (TKN).
A literature review of bioretention system performance was compiled in 2011. A
table that includes the summary of these studies and their findings is shown below
in Table 1.

15

Table 1. Bioretention Cell performance, from Ahiablame et al. (2012).

16

As mentioned, pollutant removal of heavy metals, TSS, TKN and FC in BRC’s is
well known. BRC performance on DCF removal and other pharmaceuticals and
personal care products (PPCP) has been minimally studied. PPCPs continue to
be significant emerging contaminants in stormwater due to the wide variety of
chemical properties observed among PPCP classes as well as their persistence,
bioaccumulation, and toxicity potential (Ebele et al., 2017; Saifur & Gardner, 2021).
The per capita usage of PPCPs has steadily increased across the world over the
past several decades, which has ultimately enhanced the discharge of active and
inactive pharmaceutical substances into the environment via stormwater (Hopkins
& Blaney, 2016).This trend emphasize the importance of effective storm water
techniques for removing emerging contaminants.
2.4 Contour Bund Design.
Contour bunds capture runoff, slowing the flow of water by collecting it into a
depression. This enhances the ability for water to directly infiltrate into the ground.
To increase infiltration of runoff, it is important to capture storm water or irrigation
runoff as close to the area in where it fell and slow its path from source to sink. By
being built on sloped ground and perpendicular to the flow of water, contour bunds
capture runoff while also enhancing the hydrology and water quality of the region
(Barnes, 2017). A schematic of contour bund function when installed on contour
can be seen in Figure 4 below.

17

Figure 4. Contour Bund function and parameters. Equipotential Lines shown in
blue indicate infiltration under the bunds.
One of the most important parameters to contour bund size is based on the soil’s
properties. When water infiltrates the soil, its movement is dictated largely by
gravity and the porosity of the soil (Barnes, 2017). Hydraulic conductivity, one of
the most important parameters for the flow of water through soil, defines how easily
water flows through soil pore space under a hydraulic gradient. When a soil site
has a low conductivity, implementation of contour bunds will increase detention
time when otherwise it would have been directed as runoff. Contour bunds work
best in sandy loams that facilitate infiltration. To avoid erosion, very sandy soils
should be avoided (Barnes, 2017).
The design of contour bunds differs from BRC’s as they are constructed on slopes
and the depression is shorter in width but longer in length. The width of a contour
bund is 24-120 in. wide and with a depth of 6 in. to 1 ½ ft. deep (Mollison, 1988) ,
and they may extended for tens of feet in length along the contour. BRCs also are
often designed with an underdrain to account for overflow, while a bund uses a
18

spillway. Bunds are designed to be installed on slopes ranging 0 to 20 degrees,
but it is recommended below 15° as most machinery is safe to operate on slopes
up to 15° (Barnes, 2017). For larger catchment areas, multiple bunds are spread
out over the area instead of 1 large bund. A schematic of a catchment area and
bund design can be seen below in Figure 5.

Figure 5. Contour bund implementation on desired catchment area, from Barnes
(2017).
Spacing of contour bunds is follows a logarithmic distribution. Bunds are more
closely spaced at the top of a hill than the bottom. The reason for this is that the
top of the hill is typically the driest portion of the landscape and precipitation is
encouraged to infiltrate closer to where it falls. Excavated earth from the trench is
placed on the downhill side to form the bund. The bund is groomed but not
compacted to encourage infiltration. The bund is sloped at 1V:3H to avoid erosion.
To account for overflow during larger than designed storms, compacted spillways
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are staggered to avoid one spillway from flowing continuously into another
downslope. Spillways are placed so excess water will take the longest path until
continuing outwards. One siting concern of contour bunds is that hydrating an
unstable hillslope can lead to a landslide if the soil becomes overly saturated. It is
recommend to avoid hills with evidence of slumping or past slides (Barnes, 2017).
2.5 Landslide Hazards
Water is generally considered to be the worst enemy of slope stability. The
presence of water in a slope reduces stability by decreasing ground strength and
increasing forces which favor instability (Vallejo & Ferrer, 2011). Water can
saturate a slope following intense rainfall, snowmelt, and changes in ground-water
levels (USGS, 2004). This saturation is the primary cause of landslides. A landslide
is defined as the movement of a mass of rock, debris, or earth down a slope under
the direct influence of gravity (USGS, 2004). There are four distinct types of
landslides (shown in Figure 6). Soil creep is a gradual movement, caused by cycles
of freeze and thaw of the soil resulting in its distinctive effects of leaning poles and
curved tree-trunks. Flows are movements of mud and debris that often have a
high-water content. The saturated soil behaves as a fluid and undergoes
continuous deformation as it travels down slope (Vallejo & Ferrer, 2011). Falls are
abrupt movements of rocks and boulders that become detached from steep slopes
or cliffs and are strongly influenced by gravity, mechanical weathering, and the
presence of interstitial water (USGS, 2004). The landslide types above are all
influenced by water, but the type most likely to be affected by contour bund
installations are rotational landslides or slumps. Slumps are more common in
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cohesive, “homogenous soils”. The failure occurs along a curved surface and is
concave upward. (Vallejo & Ferrer, 2011). Once the instability has begun, the mass
of soil begins to rotate about an axis that is parallel to the ground surface.

Figure 6. Landslide types, from Hincks (2020).
Most slump failures are caused by the effects of water in the ground, including pore
pressures and erosion of slope materials, both internally and at the surface (Vallejo
& Ferrer, 2011). In soil, the failure is most generally curved but can occur along a
single plane parallel to the slope in some circumstances. This single plane can be
a layer of soil sitting upon a more weathered layer of rock or debris that creates a
discontinuity along its surface. These types of failure surfaces can be seen below
in Figure 7.
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Figure 7. Types of failure surfaces in soil, from Schokking (2011).
Slope stability is determined by geometric factors such as the height and angle, as
well as geological factors such as areas of weakness and strength, and most
importantly, the presence of water (Vallejo & Ferrer, 2011). A combination of these
factors may determine where the failure might take place and make a movement
possible. The shear strength of a soil cannot be considered as a single constant
parameter as it depends on such factors as the nature of the soil, its structure,
bonds and degree of deformation, and particularly on its state of stress and fluid
pressure in its pores (Vallejo & Ferrer, 2011). The rise in pore pressure in soils has
direct control over the frictional resistance of slopes. When voids in the soil are
partly filled with water, the particles build up apparent cohesion, which is produced
by surface tension of water films between the particles of the soil. When the voids
are completely filled with water and fully saturated, the surface tension is broken
down and reduces the cohesion and strength of the soil (Dikau, 2020).
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The best-known failure criterion for soils is Mohr Coulomb, which relates the
normal effective stresses and tangential stresses acting on any plane of the soil at
the time of failure. Using this criterion, the shear strength for a saturated soil can
be expressed by:
𝜏 = 𝑐 + (𝜎 − 𝑢)𝑡𝑎𝑛∅
Where: 𝜏 = shear strength of the soil along a plane
𝜎 = total normal stress acting on the plane
u = pore water pressure
𝑐 = effective cohesion
∅ = effective angle of shearing resistance

The best way to derive the strength of a soil is to perform a Direct Shear Test. This
experimental procedure determines the maximum resistance that a soil can
withstand when subjected to shearing. These parameters used in conjunction with
charts developed by Hoek and Bray, enable the calculation of the slope factor of
safety in soils with circular failure at the slope toe (Vallejo & Ferrer, 2011). The
factor of safety of the slope, FS, refers to the ratio of the soils shear strength to the
shear stress of a possible sliding surface in the slope. When FS = 1.0, the slope is
theoretically stable but is at the limit of equilibrium between the forces (Vallejo &
Ferrer, 2011). This relationship is shown below:

𝐹𝑆 =

𝐹𝑜𝑟𝑐𝑒𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑛𝑔 𝑠𝑙𝑖𝑑𝑒
𝐹𝑜𝑟𝑐𝑒𝑠 𝑑𝑟𝑖𝑣𝑖𝑛𝑔 𝑠𝑙𝑖𝑑𝑒

Or, expressed in terms of the shear stress of the soil:
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𝐹𝑆 =

𝜏
𝑐 + (𝜎 − 𝑢)𝑡𝑎𝑛∅
=
𝜏
𝜏

Where: 𝜏 = Max shear stress that the soil can sustain along a plane
𝜏 = Actual shear stress applied to the soil

It is recommended that slopes achieve a minimum safety factor of 1.25 but should
be increased to a minimum of 1.30 to 1.50 when significant damage to structures
or human life apply (Zhou, 2006).
Contour bunds can increase the amount of water content in the soil. This will
directly increase the pore pressure and decrease the shear strength of the soil.
This can decrease the forces resisting the slide and can ultimately increase the
chances of a landslide.
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CHAPTER 3. FIELD TEST MATERIALS AND METHODS
This chapter discusses design and construction of the experimental soil beds,
bund capacity, and how the DCF was applied, collected, and analyzed.
3.1 Experimental Design and Construction
Literature recommends that contour bund installation be limited to slopes between
0 and 20 degrees (Barnes, 2017). This limit is to avoid the concern of landslides,
as well as many types of earth moving equipment have difficulty working on terrain
steeper than 15 degrees. In order to mimic contour bund implementation design,
4 beds were constructed, one each at 5, 10, 15 and 20 degrees. These beds were
designed to mimic natural agriculture land on slopes and were encouraged to grow
native vegetation.
Depth of soil is a primary contributor to microbial activity, with the greatest
concentration of microbes typically in the upper vadose zone. To encourage
microbial growth, the depth of the beds was 18 inches of soil and 6 inches of
additional siding to accommodate the bund. This depth surpassed the 8-inch depth
below surface where nitrifying bacteria can often be found. The length of the beds
is 8 ft long and 2 ft wide to allow ample time for the water to interact with the
microbial community and mimic in-situ conditions. A 1.5 in. diameter opening links
to a 2 ft long 4 in. perforated pipe surrounded by gravel at the end of each bed to
allow for leachate to be collected for sampling. Figure 8 shows schematics of the
bed designs.
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Figure 8. Contour Bund building plan.
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Materials were purchased at Home Depot; a full list of materials acquired can be
found in the Appendix. The design of the beds was planned to utilize all the
materials purchased with zero waste in mind. Construction took place at the Clover
Ridge Ranch in San Luis Obispo with consent of owner. The construction of one
of the beds is shown below in Figure 9.

Figure 9. Bed construction.

Following construction, the 4 beds were delivered to their experiment location at
Clover Ridge Ranch. This location had access to pumped groundwater and was
relatively flat. After all beds were constructed, a 6-mil plastic liner was attached to
the inside of the beds to prevent rot and leaks. Beds were filled with native soil
donated by the owner of the Clover Ridge Ranch. The agricultural soil was
excavated using a Case loader and placed uncompacted into the beds. The total
amount of soil in each bed was approximately 24 ft3. The process of placing the
soil in the beds can be seen below in Figure 10.
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Figure 10. Case loader placing uncompacted soil into the bed.
After all the beds were filled to approximately 1.5 ft in depth with soil, the beds
were raised to their desired slopes of 5,10,15 and 20° using a forklift attachment
on the Case Loader. The site area was at a slight slope, but adjustments to the
bed’s design slope were calculated prior to installation using a spirit level, to
achieve the indicated design slopes. Additional bracing was placed on the sides of
the 15 and 20° beds for safety and reinforcement. The final construction of the
beds at their testing location is shown below in Figure 11.
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Figure 11. Final construction of the sloped beds at Clover Ridge Ranch.
3.2 Bund Capacity
Following soil placement, the beds were watered periodically every 3-5 days for 8
weeks to re-establish soil microbial communities. During this pre-testing period,
depressions were formed in the soil to contain approximately 4 gallons of water.
To avoid water from bypassing the soil and draining directly below to the plastic
liner, an approximate 4-inch soil berm at a 1:1 slope was formed on the edges of
the depression. Together, the depression and the down-gradient berm form the
contour bund. The 4-gallon depression and bund are shown below in Figure 12.
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Figure 12. Contour bund in the 20° sloped bed, containing 4 gallons of water.
During the time of microbial re-establishment, native vegetation began to grow in
the beds. All vegetation was removed inside the depressions to avoid roots from
creating channels through the soil. Vegetation on the downside of the bund was
encouraged to grow to represent native “real-world” conditions. This vegetation is
shown below in Figure 13.

Figure 13. Vegetation growth in the 5° bed.
30

3.3 Diclofenac Testing
Following the 8 weeks of microbial re-establishment, a total of 8 experimental runs
were performed on each of the 4 beds. For the experimental runs, a 5 mg/L DCF
solution was prepared by pouring 50.47 mL of 1.5 g/L DCF stock solution in 100%
methanol into 4 gallons of water inside a 5-gallon bucket. Each solution was mixed
for approximately 30 seconds with a paint mixer attachment on an electric drill.
Samples were taken in the 5-gallon bucket after mixing to establish the initial
concentration. 4 gallons of the DCF solution were poured into the bunds at the top
of each beds in turn and allowed to infiltrate before an additional 4 gallons were
applied, for a total of 8 gallons on each bed. During the microbial re-establishment
period, it was recognized that the 20° sloped bed only required 4 gallons of water
to achieve bleed through. It was decided to only apply 4 gallons of 5 mg/L DCF per
run for the 20° sloped bed. Following application, leachate was collected into a 3gallon bucket below the discharge of each bed. To retrieve representative
samples, collection took place after the leachate began to slow from a continuous
trickle into a drip. Duplicate field samples of the leachate were taken for each run.
The collection bucket is shown below in Figure 14.
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Figure 14. Leachate collection bucket. Photo by Braden Whitehead
The initial concentration and leachate samples were analyzed using the Thermo
Scientific Ultimate 3000 High-Performance Liquid Chromatograph (HPLC) system
with an Acclaim 120 C18 column (4.6x100 mm, 5 um internal diameter) at
California Polytechnic San Luis Obispo’s Environmental Protection Engineering
Laboratory. The mobile phase eluent solution was 10% acetic acid and 90%
methanol. Samples were run at a flowrate of 0.25 uL/min and measured at a
wavelength of 280 nm. For quality assurance, a Calibration curve was generated
from 3 points; 0.5, 2.5, and 5 mg DCF/L during each analysis run.
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CHAPTER 4. RESULTS AND DISCUSSION
Results of the study include geotechnical soil characteristics, diclofenac sorption
and reduction through soil in both a laboratory investigation and the sloped beds,
and the effect of slope on DCF reduction.
4.1 Soil Characteristics
The soil was characterized to aid in determining what factors contributed to the
DCF breakthrough results and to determine the factor of safety against a landslide
in a hypothetical “real-world” situation in Chapter 5. Soil samples were taken to the
Cal Poly Power Engineering Construction Co. Geotechnical Engineering
Laboratory, and soil characteristics such as the soil description, hydraulic
conductivity, porosity, effective cohesion, and effective angle of shearing
resistance were determined.
To best represent the soil in its current state of compaction, in-situ soil samples
were retrieved from the beds. Two samples from each of the four beds were
collected in Geotech Canisters; these canisters are 6” in length 2.5” in diameter
and have 6 precisely cut 1" brass rings inside them, designed to allow for analysis
in the geomatic lab testing equipment. The 2.5" outer diameter of the plastic liner
allows the brass rings to fit inside for secure transportation. The rings were taped
together to collect a representative sample of the soil. The 8 canisters retrieved
were labeled 5, 5b, 10, 10b, 15, 15b, 20 and 20b which correspond to their
respective slopes. Representative samples are shown below in Figure 15.
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Figure 15. Geotech Sampling Canisters (left), and a 6” in-situ soil sample (right).
The soil was described as a Clayey SAND (SC): dark brown, moist, with organics
and trace amounts of gravel. The hydraulic conductivity was measured using
ASTM 5084 Method C (Falling Head, rising tailwater elevation). This method
required covering a sample from canister 5 in a flexible wall and placing it in a
triaxial permeameter cell. Using a Humboldt FlexPanel, the hydraulic conductivity
was determined to be 4.6E-4 cm/sec (0.0108 in/min). These apparatuses are
shown below in Figure 16.
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Figure 16. Soil sample (left), Triaxial Permeameter Cell (middle) and Humboldt
FlexPanel (right).
A direct shear test was done using ASTM D3080. This test determines the
consolidated drained shear strength of a soil in direct shear by deforming a
specimen of soil at a controlled strain rate. The test was performed by a GeoJac
Automated load Actuator serial number 2447 & 3099. Three specimens from
canister 15 were tested, each under a different normal load, to determine the
effective cohesion, and effective angle of shearing resistance. The effective
cohesion and effective angle of shearing resistance were determined to be 0.07
ksf (3.35 kPa) and 38.9°, respectively. These values are used to calculate the
factor of safety. The specimens and GeoJac Actuator are shown below in Figure
17.
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Figure 17. The 3 Specimens tested (left), the actuator (middle), the computer
controlled Automated GeoJac Apparatus (right).
To calculate the amount of organic matter present in soil, a modified version of
ASTM D2974 – 14 was used. To perform the test, 200 grams of air-dried soil was
oven dried at 100°C for 6 hours to remove excess moisture from the soil. 2 samples
with 50 grams of the soil were weighed to the nearest tenth of a gram and placed
into a crucible. The samples were placed inside a Rapidfire Pro Electric Kiln to
bake at 500°C for 1 hour to volatilize the organic matter present in the soil. The
soil was then weighed again to the nearest tenth of a gram. The organic matter
content Om was averaged and determined to be 8.0%.
A sieve-size analysis was performed using the ASTM D6913, D2487 method. 1
sample from the 10° and 20° sloped beds were analyzed to acquire a
representative sample of the beds. The grain size distribution of the two beds is
shown in a table and figure below.
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Table 2. Grain Size Distribution for 10° and 20° sloped beds.

Figure 18. Gradation Curve of 10° and 20° sloped beds.
In addition, the Atterberg limits were found using ASTM test method D3080,
D2487. The soil is a CL, has a liquid limit of 52 and a plasticity index of 31. The
Percent Passing No. 200 Sieve was performed using ASTM test method D1140,
D2487. The water content of the soils was on average 26.05% and 36.35% passed
the No. 200 Sieve.
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4.2 Laboratory Investigation of DCF Sorption
To further understand DCF migration through different soil media, Jullia Souza, a
summer undergraduate research student in Dr. Oulton’s lab, conducted an
experiment on three different soil media. One of the media chosen was soil
retrieved from the same extraction site as the sloped soil beds. The other two soil
media were 100% sand and a 50/50 mixture of sand and the site soil. The samples
were divided into 15 different samples, 5 samples per soil media. Samples were
placed on a mechanical shaker and left to shake at a constant speed and
temperature until equilibrium was obtained. The initial concentrations used were
1, 5, 10, 15 and 20 mg DCF/L. 1 mL of each sample was collected and analyzed
using the HPLC. A DCF sorption isotherm was created to observe the K d value of
the soil media. The Isotherms of the soil, 50/50 sand and soil mixture and 100%
sand is shown below.

Diclofenac Sorption Isotherm
Uptake by media (mg/kg)

16
y = 1.171x + 0.0337
R² = 0.9707

14
12
10

y = 1.0998x + 0.2016
R² = 0.9991

8
6
4

y = 0.4495x + 0.4605
R² = 0.936

2
0
0

2

4

6

8

10

12

14

16

Equilibrium concentration (mg/L)
Sand

50-50

Soil

Linear (Sand)

Linear (50-50)

Linear (Soil)

Figure 19. Diclofenac Isotherm for 3 soil medias; 100% soil, 50/50 sand/soil and
100%
sand, from Souza (2021).
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The soil from the experiment site resulted in a Kd value of 1.171 L/Kg. This Kd
value found experimentally may be low for soil with 8.0% organic carbon, but it is
generally within the range of published values. Williams et al., (2009) tested eight
soils collected from various agricultures regions and found that K d values ranged
from 1 to 18 L/kg. However, the value was quite low in comparison to soils with
high organic content. Revitt et al., (2015) used two soils, A and B in a similar batch
adsorption experiment. Soil A had an organic carbon content of 0.8285% and Soil
B of 3.64%. Results found Kd values for soil A and B of 1.13 ± 0.01 and 54.77 ±
7.59, respectively.

Overall, these results confirm that media with higher

percentage of organic matter was more sorbent for DCF.
In addition to determining the isotherms of the DCF to the soil mixtures, soil filled
glass columns were used to confirm the sorption study. Porosity was measured by
the volumetric method. The porosity of the soil media is shown in a table below.
Table 3. Porosity of the 3 Soil Media.

A solution containing an initial concentration (Co) of 1 mg/L DCF was poured in
each column, and samples with an unknown final concentration (C) were collected
after each purge of one pore volume of solution. Samples were analyzed in the
HPLC using the method described in Section 3. The breakthrough curves following
7 pore volumes is shown below.
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Breakthrough - Media Comparison
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Figure 20. Laboratory Breakthrough Curves of the 3 soil media, from Souza
(2021).
The 100% sand media showed the least amount of sorption as breakthrough
occurred at close to 2 pore volumes. The soil media and 50/50 mixture displayed
a more gradual breakthrough curve close to 6 pore volumes. The glass column
test results agree with the sorption isotherms and other studies. The 100% soil
and 50/50 mixtures showed similar breakthrough curves and have similar K d
values. The 100% sand column with a low Kd value showed faster breakthrough.
The results of this study also agree with the results of the fraction of organic content
found in the soil characteristics. (Lin & Gan, 2011) found that DCF exhibited low
sorption in organic-poor soils but were observed to sorb in soils with 1% or greater
organic carbon content (Banzhaf et al., 2012). This study clearly indicates a higher
sorption of DCF onto organic rich soil.
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4.3 DCF Sorption in Established Soil Environments
The largest reduction of DCF flowing through the beds was observed on the 15°
sloped bed, followed by 10°, 5° and lastly 20°. The results of the 8 applications are
shown below in Figure 21.
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Figure 21. Breakthrough Curves of the 4 sloped beds.
Following application, the timing and order of bleed through on the beds was
collected for 4 runs and is shown in the figure below.
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Figure 22. Timing of the 4 beds during application run 4 through 7.
Out of 4 runs, the 20° slope bled first for all applications. The 15° bed bled last for
all applications. 5° and 10° were close in time and alternated order of bleed
through. The order in which the beds bled can correspond to the results seen in
the DCF breakthrough curves. Research on the fate of pharmaceuticals in soil has
shown that concentrations of pharmaceuticals generally decrease along soil flow
paths (Maeng et al., 2011). The decrease in treatment for the 20° can be directly
related to a shorter flow path. Overall, these results suggest that longer flow paths
in a soil can lead to greater sorption in soil.
The sloped beds reduced DCF more than the laboratory scale soil columns. This
could have been a result of the influence of the natural soil environment. The beds
showed greater than 80% reduction in DCF. This corresponds to literature results
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of Cycon et al., (2016) and Al-Rajab et al., (2010), particularly the influence of
microbial activity. Al-Rajab et al., (2010) results saw complete removal of DCF in
agricultural soil and verified that soil microorganisms were responsible for the
biodegradation of DCF and its transformation products. Cycon et al., (2016) found
that the number of heterotrophic bacteria increased significantly during their
experiment, which were capable of degrading DCF and utilized the contaminant
as an additional source of carbon and energy. In addition, the influence of rewetting and drying could have increased the microbial growth in the soil. Schnürer
et al., (1985) found a doubling of bacterial numbers determined by microscopic
counts within 3 days after rewetting the soil.
Lastly, in the vegetation in the natural system was encouraged to grow in the beds.
This uptake by plants could have influenced the reduction of DCF in the system.
Bartha et al., (2014) observed rapid uptake and effective metabolism of DCF after
1 day of exposure. DCF was detected in the roots and shoots of the Typha latifolia
(Cattail) plant being studied.
4.3b Effect of Slope on DCF Sorption
The effect of slope can not only influence the speed of the water flowing through
the soil but also the amount of interaction with the microbial community. Slope will
influence how water spreads out in the soil from the point of application, a
phenomenon described by flow nets. A flow net is a two-dimensional graphical
representation of steady-state flow of water through a soil mass (Vallejo & Ferrer,
2011). A flow net consists of two sets of lines which must always be orthogonal;
Flow lines represent the direction of groundwater flow and equipotential lines which
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are lines of constant head and show the distribution of potential energy (CNRS,
2021). Using Finite Element Heat Transfer (FEHT) software, the sloped beds were
analyzed to determine what degree slope increased the interaction between the
flow of water and with the top 8 in. of the soil. This boundary is where the maximum
microbial activity takes place and therefore could lead to greater treatment. FEHT
software is designed to facilitate the numerical solution of steady-state and
transient two-dimensional conduction heat transfer problems (F-Chart Software,
2021). The fundamental equations describing conduction heat transfer are similar
to potential flow through soils (Klein & Beckman, n.d.). Using the hydraulic
conductivity retrieved from the falling head rising tailwater hydraulic conductivity
test, the value of 4.6E-4 cm/sec was specified for the media. A head of 0.5 ft was
used, which approximately represented the height of the 4-gallon pour into the
depression of the bund in each bed. 10 equipotential lines (shown in black) were
selected to visualize the distribution of flow through the beds. 6 flowlines (shown
in blue) were drawn to visualize the direction of flow. Results of FEHT verified that
the steeper the slope, the greater the water spread and interacted with the top 8
in. of the soil. This greater spread of water in the upper portion of the vadose zone
could increase growth of the microbial community. Flow net results for sloped beds
5, 10, 15 and 20° are shown below in Figures 23 - 26.
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Figure 23. FEHT Analysis of 5° Slope Bed.

Figure 24. FEHT Analysis of 10° Slope Bed.

Figure 25. FEHT Analysis of 15° Slope Bed.
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Figure 26. FEHT Analysis of 20° Slope Bed.

One discrepancy from the FEHT result is according to the DCF breakthrough
curves the 20° bed performed the least at DCF reduction. Although studies have
found better degradation of DCF under aerobic conditions (Bertelkamp et al., 2016)
it is possible that a preferential pathway was found in the bed. The sieve analysis
verified that the soil was 10.7% gravel and coarse sand. The aggregates and
native vegetation could create pathways for the water to follow and bypass the soil.
On a “real-world” contour bund installation, preferential pathways will exist
naturally, but this effect would be minimized due to the wide area of capture.
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CHAPTER 5. FEASIBILITY ANALYSIS
To understand the size, dimensions, spacing, anticipated runoff and landslide
dangers of a typical contour bund system a hypothetical “real-world” feasibility
analysis was performed. This will be done by choosing a potential installation
location with the maximum design slope.
5.1 Contour Bund Installation
To better understand how contour bunds would be installed in a “real-world”
application, a site on the Clover Ridge Ranch which is currently used as
grazing/ranchland was investigated. The location was determined a feasible
location using the County of San Luis Obispo Land Use View, a GIS mapping tool.
The contours of the land where visualized and used in conjuntion with Google
Earth Pro measuring tool to determine the site characteristics shown in the table
below:
Table 4. Feasibility Site characteristics

The feasibilty analysis location is shown below in Figure 27.
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Figure 27. Visual Schematic of the Contour Bund Feasibility Analysis Location.
The design storm of a 10-year 24-hour storm was chosen. The design storm was
chosen as storm water runoff BMPs are required to provide detention such that the
peak storm water runoff discharge rate shall not exceed the rate for the 2-, 5-, and
10-year 24-hour storm events (County of San Luis Obispo, 2017). The anticipated
amount of rainfall that would occur during the 10-year 24- hour storm event was
found using NOAA Atlas 14 Point Precipitation Frequency Estimate Online Tool.
The precipitation estimate for a 10 year 24-hour storm is 3.83 inches. Estimates
for other design storm events are attached in the Appendix.
To calculate the volume of stormwater runoff generated from the 10-year 24 hourstorm, the SCS method was used. The Soil Conservation Service (SCS) Curve
Number (CN) model estimates precipitation excess as a function of cumulative
precipitation, soil cover, land use, and antecedent moisture (NRCS, 1986).
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The SCS runoff equation is given below:
𝑃 =

(𝑃 − 0.2𝑆)
(𝑃 + 0.8𝑆)

Where: Pe = Runoff depth (in)
P = Rainfall depth (in)
S = Potential maximum retention after rainfall begins (in)

S is related to the soil and surface characteristics of the drainage area through the
CN by the following equation:

𝑆=

1000
− 10
𝐶𝑁

Where: CN is the curve number and is unitless.

The curve number, CN, describes the characteristics of the drainage area such as
the hydrologic soil group and ground cover. These characteristics directly relate to
the amount of runoff generated by the given storm. Soils are classified into four
hydrologic soil groups (A, B, C, and D) based on their minimum infiltration rate.
Soil Group A has the highest infiltration potential and Soil Group D has the lowest.
Characteristics of the four soil groups are summarized below in Table 5.
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Table 5. Four Hydrologic Soil Groups as defined by the SCS, from NCDENR
Stormwater BMP Manual (2007).

To determine the hydrologic soil group present on the feasibility site, the USDA
Natural Resources Conservation Service Web Soil Survey (WSS) was used. The
soil in the region was classified as a Chamise channery loam 15 to 30 percent
slope, MRLA 15, belonging to hydrologic soil group C.
The CN value depends on both soil type and land use. The type of ground cover
present can greatly affect the volume of runoff. Areas that are minimally disturbed
such as woods and brush, have high infiltration potentials whereas impervious
surfaces, such as rock outcroppings and parking lots, will not infiltrate runoff at all.
A table showing the cover types that are most similar to the site is shown below in
Table 6.
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Table 6. Runoff curve numbers for agriculture lands, from NRCS (1986).

The feasibility site area is primarily used to house open range horses that graze
year-round. This area was assumed to be in a “Fair” Pasture, grassland, or range
condition. This cover type, with hydrologic soil group C, resulted in a CN of 79.
Using this CN value, the Potential maximum retention S was found by:

𝑆=

1000
− 10 = 2.66
79

Using the S value of 2.66 and a precipitation estimate of 4.6 inches:

𝑃 =

((3.83 − (0.2 ∗ 2.66))
= 1.83
(3.83 + (0.8 ∗ 2.66)

The Pe of 1.83 inches (0.1525 ft) was determined.
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The runoff volume is determined by multiplying the runoff depth (Pe) by the
drainage area (A) in between each contour bund. To determine the area, the
spacing of contour bunds is calculated by utilizing a logarithmic distribution. The
distribution of contour bunds is to place more in the upper portion of the hillslope
than the bottom. Contour bund design encourages the use of 7 or fewer bunds per
site (Barnes, 2017). For the feasibility site, 7 bunds were chosen.
The Contour Bund Logarithmic Distribution equation is given below:

𝐷 = log

𝐶∗𝐿

Where: DC = Distance from bottom of hill (ft)
n = Number of Contour Bunds in total
C = The Contour Bund being calculated
L = The length of total catchment area

To use the equation, the contour bund is assigned a number from the bottom up.
The size of the contour bund depends on the catchment area above and is
determined as follows:
𝐴 = (𝐷(

)

−𝐷 )∗𝑊

Where: AC = Catchment Area of desired Contour Bund (ft2)
DC = Distance from bottom of hill (ft)
C = The Contour Bund being calculated
W = Width of catchment area (ft)
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*note that when (𝐶 + 1) = (𝑛 + 1) then 𝐷(

)

=𝐿

Where: n = Number of Contour Bunds in total
C = The Contour Bund being calculated
L = The length of total catchment area

The spacing and catchment length of each bund is shown below in Figure 28.

Figure 28. Catchment distance of the 6 Contour Bunds.

The volume of runoff for each of the contour bund is determined as follows:
𝑉 = 𝑃 ∗𝐴
Where: V = Volume of runoff (ft3)
Pe = Runoff depth (ft)
A = Area of catchment (ft2)
C = Contour Bund being calculated

The cross-sectional area is determined by dividing the volume by the width of the
catchment area (length of contour bund). This is determined as follows:
𝐴

= 𝑉 ÷𝑊
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Where: AB = Cross-Sectional Area of the depression
V = Volume of runoff (ft3)
C = Contour Bund being calculated
W = Width of catchment area (ft)

Contour bund design requires the sides of the depression to be a 1:3 slope (18.43°)
to minimize erosion (Barnes, 2017). To build a V-shaped trench with sides of the
required slope, the catchment area is divided into two right-angle triangles.
The area of 1 triangle is:
= (𝑏 ∗ ℎ) ÷ 2

𝐴
The area of the two triangles:
𝐴

=𝑏∗ℎ

Using:

𝑡𝑎𝑛𝜃 = ℎ/𝑏

Results in:

𝐴

= 𝑏 ∗ 𝑏 ∗ 𝑡𝑎𝑛𝜃

Width of one side of bund:
𝑏=

𝐴

÷ 𝑡𝑎𝑛𝜃

Therefore, the height is:
ℎ= 𝐴

÷𝑏

Total width of bund:
𝑤 = 2𝑏
The results for all contour bunds design parameters are shown below in Table 7.

54

Table 7. Design parameters of Contour Bunds 1-7.

The dimensions of contour bund 1 is shown below in Figure 29.

Figure 29. Contour Bund 1 dimensions.
5.2 Landslide Factor of Safety
To understand the potential danger of the contour bund installation, the factor of
safety (FS) was determined on the feasibility site utilizing Hoek and Bray Charts.
These charts allow the calculation of the FS in different ground water conditions.
The charts were developed by running thousands of circular analyses from which
a number of dimensionless parameters were derived (Wyllie & Mah, 2017). These
parameters relate the FS to the material unit weight, friction angle and cohesion,
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and the slope height and face angle (Wyllie & Mah, 2017). However, limitations
apply to the charts. Duncan, (1996) explains:
a. The material forming the slope is assumed to be homogenous, with
uniform properties along the slide surface
b. The slope inclination is uniform or can be approximated by a single
value.
c. Pore-water pressure can be treated as a simple phreatic surface.
d. The failure is assumed to exit through the toe of the slope or to be
bounded by a firm base layer.
e. External loads such as earthquakes or reinforcements cannot be
incorporated.
To anticipate the effect of water on the slide surface of the slope, a set of ground
water flow patterns are assumed. The pattern is assumed to coincide as closely
as possible with the conditions in the field (Wyllie & Mah, 2017).The 5 groundwater
flow conditions are shown below in Figure 30.
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Figure 30. Ground water flow conditions, from Vallejo & Ferrer (2011).
Groundwater pressures may increase through the saturation of a slope from
rainfall, seepage from an artificial source, or rise of the water table (NAVFAC,
1986). It was assumed that the contour bund installation site could saturate a fully
drained slope during heavy times of rain. To mimic this event, groundwater flow
condition 3 was chosen. To understand the effect of excess water on a fully drained
slope, the FS of the feasibility site was calculated in both condition 1 and 3.
Using the effective cohesion and effective angle of shearing resistance values
retrieved from the direct shear test and an assumed height of 32 m from Google
Earth Pro, the FS for flow condition was calculated as follows:
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𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑅𝑎𝑡𝑖𝑜 =
Where:

𝑐′
ɣ ∗ 𝐻 ∗ tan 𝜙

c’ = effective cohesion (kPa)
ɣ = Unit Weight (kN/m3)
H = Height of Slope
Φ’ = Effective angle of shearing resistance

This dimensionless ratio is found on the outer circular scale of the chart. The radial
line is followed to the intersection with the curve which corresponds to the slope
angle. The corresponding value of tanϕ’/FS is found and the FS is calculated. This
process is shown for flow condition 1 below.

Figure 31. Determination of the FS for the feasibility site for Groundwater
Condition 1.
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The process was repeated for groundwater condition 3. As a result of the low FS
value calculated, the process was repeated to determine a safe alternative using
a smaller slope value of 15°. The results are shown in Table 8 below.
Table 8. Soil values and FS of 15° and 20° slope Feasibility Site.

5.3 Feasibility Analysis Discussion
As a result of the feasibility analysis, the design of the contour bund system is
deemed feasible but inconsistent. The spacing of the bunds utilizing the logarithmic
distribution achieved a greater amount of water infiltration on the “dry” portion of
the upper landscape. The width of the depressions was larger than the
recommended design of 120” and an additional contour bund in between 1 and 2
would be required to reduce the size. The 10-year 24-hour design storm was a
valid storm event to design to if spacing was slightly altered. Overall, if few
iterations were incorporated, the site would treat approximately 68,500 gallons of
water that would have otherwise been diverted as runoff. Extrapolating BRC
performance it is likely that additional treatment of other pollutants will take place.
Both laboratory scale and full-scale field studies have shown that when properly
designed, BRC’s can capture 100% of influent volumes from 1- 2-year 24 hour
storm events, and between 33-80% for larger events such as 10-year 24 hour
storm (Nelson, 2018). When the objective is to meet only water quality goals,
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design is usually based on the more frequent storms like 1 or 2-year, 24-hour
storms (City of Santa Barbara, 2020).
However, the dangers of such a system on the 20° slope deemed the overall
project infeasible. The recommended minimum FS for slopes is 1.25. The FS of
the slope following a heavy amount of rainfall resulted in a FS of 1.1. This does not
meet the criteria of a “safe” slope. To avoid the endangerment of property and life,
it is not recommended to build the contour bund installation at the feasibility site. If
the site was located on a slope angle face of 15°, and assuming that the soil
properties are constant, the FS would be 1.6 following a large rainfall amount and
therefore would be safe for the installation to proceed.
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CHAPTER 6. CONCLUSION
This study aimed to address three specific questions regarding the use of contour
bunds for safe and effective treatment of emerging contaminants from storm water
runoff.
1. What effect do soil environments have on the removal of contaminants of
emerging concern? Results show that DCF, a representative contaminant of
emerging concern, is removed from the soil environment through the natural
processes of sorption, microbial degradation, and plant uptake. Removal of
contaminants of emerging concern can be improved in soil environments through
the use of plant uptake, drying and re-wetting cycles and lengthening of flow
paths within the soil. This is verified in the soil environment field study as the soil
beds reduced DCF more than the laboratory soil columns where plant uptake, rewetting and drying cycles and microbial activity was not utilized or encouraged. In
addition, lengthening of flow paths can increase removal which is verified by the
results of the bed soil environment breakthrough curves. The sloped beds with
the longest flow path had the greatest reduction in DCF.
2. Does slope have an effect on contaminant removal? Slope may have an effect
of contaminant removal. Slope can influence the velocity of water through the soil
but may also increase water interaction with microbial communities. Through
greater interaction with the upper vadose section, aerobic bacteria can utilize
contaminants and break them down prior to leaching into deeper soils without
treatment. This may have been the link for the improved removal on
contaminants for the 15° bed. Flow net analysis using FEHT models verified that
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the steeper the slope the larger the flow path and interaction with the upper 8 in.
of soil. This link was modeled for homogenous soils, was specific to the design of
the sloped beds and was not seen in the breakthrough curves. The 15° sloped
bed reduced DCF more than the 5°,10° and 20° beds. Although the 15° slope is
optimal, this is specific to the experimental beds and not universal to all soil types
and conditions. Results from the 10° and 20° bed were inconsistent with the flow
net analysis and assumed to occur due to a preferential pathway reducing the
flow path distance.
3. Is this LID practice a safe alternative to stormwater management? Results
from the feasibility analysis verified that the application site in question was not
viable for installation as the FS fell below the safe criteria for a stable slope. The
FS of the slope under 15° resulted in a safe FS. Literature recommends that 15°
is often the limit for safe earthwork operation. This criterion is also the limit for
soils with cohesion and friction angles similar to the feasibility site. If contour
bunds are to be installed on slopes of 20° or soils with different characteristics
than those studied herein, the installer should proceed with caution and verify
that no life or structures are in danger of a landslide.
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CHAPTER 7. FUTURE WORK
This research should continue to study the effects of contour bund design on other
contaminants of emerging concern as it showed to be an effective way to treat
DCF. In addition to other contaminants, the specific treatments associated with
rangeland environments should be focused on individually as follows:
1. Determining the effect of biodegradation treatment compared to sorption
alone. Research should examine the effect of treatment in the upper 8” of
microbially-active soil, compared to similar sterilized soil. This study could
be conducted using multiple soil columns. Agricultural soil that is microbial
active should be sieved to remove large aggregates to avoid preferential
pathways from occurring. One soil sample should be treated at high
temperature to kill off microbes but not too hot to volatize the organic matter
in the soil. The non-heated soil should be placed in large soil columns
greater that 1 foot in height to allow for microbial activity to establish. Due
to the disturbed state of the soil following the sieve and compaction,
microbial re-establishment must take place for the other sample. Re-wetting
and drying cycles of between 2-3 days for 8 weeks should allow for effective
re-establishment of the microbial communities (or as recommended by
literature), which can be verified through microscopic analysis of the soil.
Comparison of contaminant break through curves from both active and
sterilized soil columns will allow for the determination of the contribution of
sorption alone on contaminant removal.
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2. The effect of drying and wetting cycles on treatment of emerging
contaminants. Since studies indicate the drying and wetting cycles affect
microbial activity, similar soil environments under different drying and
wetting cycles should be examined to look at their reduction ability. This
experiment would require similar column preparation as the microbiallyactive column in the sorption study above. However, this study would vary
the time between applications of contaminant solution, ranging between
say, 1 to 5 days (as recommended by literature). This study could help
determine what drying and wetting cycle could be best utilized in soil if
microbial biodegradation was to be used to treat contaminants of emerging
concern.
3. Determining the effect of plant uptake and interaction have compared to soil
sorption alone. Similar to the sorption study described above, two soil
environments, one with established plants and the other devoid of surface
vegetation, should be prepared. Plants chosen should be species that are
often found in LID design or native on rangeland and can be inundated for
short periods of time. Comparing the vegetated environment to the
environment with no surface plant growth can help determine overall effect
of plant uptake on the contaminant studied.
4. Determining the effect of soil flow paths on treatment of emerging
contaminants. One of the most clear findings in this study was the link
between time of water flow through beds and the degree of treatment. Soil
columns of different hydraulic conductivity should be tested to determine

64

the effect of flow path on treatment and reduction. This study could be
conducted with different soils with approximately the same amount of
organic matter (per ASTM D2974), to minimize variation in sorption.
Alternatively, soil columns with the same soil but different levels of
compaction could also affect flow duration and treatment. Soils should be
placed in soil columns to compare breakthrough curves. A tracer may be
used to determine flow rate of water through the soil columns.
5. One question that remains unanswered is if slope affects contaminant
removal. Further research with a more homogenous soil, a uniform
compacted state and without the presence of potential preferential
pathways could repeat the procedure from this study. These changes
would reduce the uncertainties that were encountered during this research
and lead to more conclusive results.
Utilizing the results of this study, further research is encouraged to address the
goal of SGMA’s effort to restore and enhance aquatic ecosystems. Testing of
aquatic environments previously experiencing DCF exposure both before and after
installation of upgradient contour bunds can help understand their efficacy for DCF
reduction in aquatic environments. While bunds encourage infiltration and most
directly affect groundwater quality, groundwater and surface water interact in
nearly all landscapes. Landscapes ranging from small streams, lakes, and
wetlands in headwater areas to major river valleys and seacoasts (Winter, 1999).
The water stored in the groundwater is continuously moving and exchanging
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naturally with surface water bodies and is dependent on the level of the water table.
(Safeeq & Fares, 2016). This exchange can be seen below in Figure 32.

Figure 32. Groundwater and Surface Water exchange, from Safeeq & Fares
(2016).
Testing of creeks, streams and groundwater following contour bund installation
can help determine their efficacy in pollutant reduction. This reduction can shed
light on their ability to be a SGMA-encouraged regional scale implementation.
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